A genomic library of partially EcoRI-digested DNA from the lesser snow goose, Anser caerulescens caerulescens, was constructed in the phage vector Charon 4. Phage containing only unique sequences were identified by screening plaques with 32P-labeled genomic DNA. Restriction-fragment-length polymorphisms (RFLPs) were identified by probing DNA from 1 l-13 male birds from the breeding colony at La Perouse Bay. Of the 17 probes examined, all detected RFLPs with at least one of EcoRi, HindIII, Mspl, and Taql. Several of them identified highly variable regions with multiple alleles. These RFLPs are valuable DNA markers that can be used for (1) the examination of DNA variation, relatedness, and genetic distance and (2) assessing paternity and maternity. These data suggest that there are higher levels of variation of DNA sequence in birds than had previously been thought to exist.
Introduction
Genetic studies of natural populations are often hampered because of the small number of marker loci available. There are a limited number of enzymes that can be easily examined, and in any given population of a species, only a few may be polymorphic. In Aves, this has seriously limited many studies, especially ones involving paternity or maternity analyses. The development of recombinant-DNA technology and its use for the identification of restriction-fragment-length polymorphisms (RFLPs) has provided the potential for the identification of a large number of useful genetic markers (Botstein et al. 1980) for such studies.
In man, the identification of RFLPs has led to an explosive increase in the number of markers available for mapping the human genome (Willard et al. 1985) . Recently, markers have been identified that provide "DNA fingerprints" of individuals that can be used in forensic medicine and in disputes of genetic relatedness (Gill et al. 1985; Jeffreys et al. 1985) . The application of such techniques to studies of natural populations of plants and animals holds potential for increased certainty in maternity/paternity analyses and genetic-distance estimations.
The fact that most conventional enzyme loci in birds are monomorphic when analyzed by protein electrophoresis (Barrowclough et al. 1985) has meant that there have been few available markers for geneticists studying birds either at the kindred or population level. The problems of collection, storage, and transportation of suitable tissue samples have created further limitations. Birds are, however, ideally suited for 1. Key words: DNA variation, paternity analysis, restriction-fragment-length polymorphism, lesser snow goose, population genetics. Abbreviations: RFLP = restriction-fragment-length polymorphism.
DNA analysis. Their nucleated erythrocytes yield ample quantities of DNA in blood samples as small as 50 ~1. The DNA in the nuclei of the erythrocytes is very stable, showing little enzymatic degradation over periods of as long as 10 days at room temperature. Even the DNA sequence organization in birds (long uninterrupted stretches of unique DNA) facilitates the identification of RFLPs.
The DNA probes described in the present paper were isolated to carry out a study of the lesser snow goose at both the population and kindred levels. The lesser snow goose breeds in colonies ranging from Baffin Island in Arctic Canada to Wrangel Island in northeastern Siberia. As a result of their patterns of migration and mate choice, there are only two major populations, the eastern and the western. In the winter, birds from the eastern colonies migrate south, mainly to Louisiana and Texas via the central and Mississippi flyways, while those from the western colonies migrate to southern British Columbia, New Mexico, and California via the Pacific flyway (Ogilvie 1978) . Mate choice takes place in mixed flocks on the wintering grounds or during spring migration (Cooke et al. 1975) . Pairs usually return to the natal colony of the female, although some exceptions have been noted (Geramita and Cooke 1982 ). We will be using the nuclear RFLPs reported in the present paper, as well as mitochondrial markers, to obtain information pertaining to gene flow and maternity and paternity in some of these colonies.
Material and Methods
Material DNA Polymerase I, ribonuclease A, and restriction enzymes were obtained from Bethesda Research Laboratories. Gene Screen Plus membrane and 32P-labeled dCTP were obtained from New England Nuclear Corporation.
Snow Goose Library
The method used was essentially that described by Maniatis et al. (1982) .
Library Screen
The method of Benton and Davis (1977) was used to identify clones containing unique sequence DNA.
Isolation of Phage DNA Lambda phage plaques were picked and amplified by the method of Maniatis et al. ( 1982) .
Blood Sample Collection
Blood samples were obtained at random from a flock of adults at La Perouse Bay near Churchill, Manitoba, Canada. Via 5-ml syringes and 20-gauge needles, 2-5 ml of blood was drawn from the brachial vein and immediately injected into 5-ml vacutainer/ethylenediaminetetraacetate tubes. The tubes were promptly inverted to mix the anticoagulant, and samples were frozen within 10 h of collection.
Blood DNA Extraction Blood (0.5 ml) was added to a mixture of 400 pl of proteinase K (2.5 mg/ml) and 19 ml of TNE2 (10 m&f tris-hydroxymethyl amino methane, 10 mM NaCl, 2 mA4 ethylenediaminetetraacetate, pH 8.0) with continuous vortexing. While the samples were being vortexed, 250 p.1 of 20% sodium dodecyl sulfate (SDS) was added, and the mixture was then left overnight at 65 C. The samples were then extracted three times with an equal volume of phenol:chloroform:isoamyl alcohol (25:24: 1) and once with an equal volume of chloroform:isoamyl alcohol (24: 1). One milliliter of ribonuclease A (1 mg/ml) was added, and the mixture was incubated for 3 h at 37 C. While the sample was vortexed gently, 400 pl of 20% SDS and 400 pl of proteinase K (2.5 mg/ml) were added. After a second overnight incubation at 65 C, the samples were extracted twice with the phenol:chloroform:isoamyl alcohol mixture and once with the chloroformisoamyl alcohol mixture and then dialyzed overnight against TNE2. This technique gave yields of l-3 mg of DNA/O.5 ml sample.
We have also developed a procedure that uses a smaller volume of blood and involves less handling than that outlined above. The yield from 50 ~1 of blood (200 pg) is sufficient for -40 Southern blots. The protocol can be performed in 1.5-ml Eppendorf tubes as follows: Blood (50 pl) was added to a mixture of 40 ~1 proteinase K (2.5 mg/ml) and 500 pl TNE2, and vortexed lightly. SDS ( 13 pl of 20%) was added, and the mixture was vortexed and left overnight at 65 C. The samples were extracted three times with phenol:chloroform:isoamyl alcohol (25:24: 1) and once with chloroform:isoamyl alcohol (24:1), drawing the organic layer out from under the aqueous layer each time. Ribonuclease A ( 100 pl of 1 mg/ml) was added, and the mixture was vortexed and incubated at 37 C for 3 h. An additional 13 yl of 20% SDS was added, followed by vortexing, addition of 40 pl proteinase K (2.5 mg/ml), and further vortexing. After a 3-l 2-h incubation at 65 C and a phenol:chloroform:isoamyl alcohol extraction, the aqueous layer was transferred to a new Eppendorf tube, leaving any semisolid residues behind, and then reextracted. A final extraction with a chloroform: isoamyl alcohol (24: 1) mixture was followed by dialysis against TNE2 .
Restriction-Enzyme Digestion
Genomic DNA (5 p.g) was digested under the conditions recommended by Bethesda Research Laboratories, using 3 units of enzyme&g DNA for 8-12 h.
Agarose Gel Electrophoresis and Southern Blots DNA was transferred from 0.75%-2% agarose gels to Gene Screen Plus membrane, essentially by the capillary blot procedure (i.e., with an elevated glass plate and wick) outlined by the manufacturer (New England Nuclear).
Nick Translation and Hybridization
Probes were nick translated to specific activities of 2-10 X lo8 cpm/pg using the method of Rigby et al. (1977) . The blots were hybridized and washed according to the manufacturer's (New England Nuclear) directions, except that the second set of washes was done three times with 0.2 X SSC (1 X SSC = 0.15 M NaCl, 15 mM sodium citrate) and 0.5% SDS at 65 C, and the final set of washes was omitted. The hybridized blots were autoradiographed for 2-7 days with DuPont Cronex 4 film and Cronex Lightning Plus intensifying screens.
Probe Nomenclature
The nomenclature is adapted from that used for human DNA probes. The first character is "D" for DNA. The next three characters, "QSG," designate the Queen's Snow Goose project. The last character is a unique numerical identification of the particular probe being used. The first probe we isolated and used to detect a polymorphism is designated "DQSGl ." While this expanded nomenclature is not necessary to uniquely identify probes mentioned within the present paper (all probes begin with DQSG), it is hoped that future papers by this and other groups will adopt this standardized notation to avoid the initial confusion encountered among human geneticists prior to their standardization of a rapidly growing bank of DNA probes.
Results

Lesser Snow Goose Recombinant Library
Total DNA extracted from the liver of a single blue female gosling from La Perouse Bay was digested under a series of nonlimit conditions with EcoRI. Fragments ( 18 kb each) were selected from a lo%-40% sucrose gradient and ligated into the arms of Charon 4. More than five times the haploid DNA content of the lesser snow goose was represented in the 5 X lo5 independent recombinants generated.
Identification of Phage Containing Repetitive and Unique Sequences
A portion of the library was plated out at low density, and the plaques were transferred to nitrocellulose and probed with 32P-labeled genomic DNA. Unlike mammalian libraries, >SO% of the plaques failed to hybridize, indicating that they contained only unique or low-copy DNA sequences. DNAs from 17 such recombinant phage were isolated and used directly as probes.
Identification of RFLPs
DNA from each of 1 l-13 male birds from La Perouse Bay was separately digested with EC&I, HindIII, TaqI, and MspI, and Southern blots were prepared and hybridized with the unique-sequence probes. Adult males were chosen for the initial screening in preference to females because their natal colonies are more geographically diverse (Cooke et al. 1975) . Of the 17 probes tested, all identified RFLPs (table 1) . In many cases, subsequent screening of individuals (both sexes) from La Perouse Bay was carried out (table 1) . In nearly all cases, the RFLPs could be interpreted as being base substitutions in the enzyme recognition sites. The autoradiographic banding patterns were reproducible, with homozygotes and heterozygotes being found for most RFLPs. There was no indication that incomplete digestion was the cause of any of the variant autoradiographic bands. For most of the probes, complete allele identifications were possible. This was easier when all homozygotes were found, but in many cases in which neither or only one of the homozygotes was found, alIelic identities were obvious from differences in band intensities and/or from band sizes (figs. 1,2). In some instances the source of variant bands was not obvious. These will remain unassigned (present/ absent) until homozygotes are found (table 1) . In such cases, the assumption was made that individuals with a variant band were heterozygous. Only bands with relatively high intensities have been included in the allelic descriptions of table 1. In several cases, more polymorphic sites were present but were not described, since the bands on the autoradiograph were too faint to score consistently for a population study. We expect that with more study of transfer/hybridization conditions and/or subcloning of specific regions of the lambda phage clones, some of these may become useful, particularly in paternity/maternity studies. Because of the number of variable sites, the nomenclature required to identify alleles in our study is more difficult than that used in previous ones on human nuclear RFLPs. The system used for mitochondrial DNA is also simpler, because there is generally only one restriction "morph" present in the haploid mitochondrial genome. 6.3, 4.4, 3.4 6.3, 4.4, 2.8, 10.7, 3.4 7.8, 6.3 3.9, 3.6, 3.3, 2.7, 2.2 4.4, 3.9, 3.6, 3.3, 2.2 3.7, 1.4, 1.0, 1.9 present CII, CIII, CIV, CV fragments 3.7, 1.4, 1.0, 1.9 absent CII, CIII, CIV, CV fragments (site 1 present/site 2 absent) and (site 1 absent/site 2 present)-from a heterozygote with the homologous chromosomes-(site 1 present/site 2 present) and (site 1 absent/ site 2 absent); the pattern on the autoradiograph of both diploids mentioned would be identical (fig. 3C ). Note that this contrasts with the case in which the variable sites are not separated by an invariant site (in which case the pattern on the autoradiograph of the two cases above would differ).
For purposes of precise nomenclature, a choice must be made between (1) designating genotype on a site-by-site basis only, while ignoring information (where available) on haplotype relationships between sites, and (2) giving haplotype information composing each (fig. 4, table 2 ). This particular probe/enzyme combination seems to be an exceptional one. It is often difficult to construct a precise restriction map of a locus, and this is not necessary for most analytical purposes. The region method does not require complete mapping, since the interdependence of bands shows which variants belong to the same "region."
Inheritance of RFLPs
Among 700 blood samples collected at random from captured flocks at La Perouse Bay, we were able to identify two parent-offspring pairs on the basis of earlier legbanding studies. DNA extracted from these two pairs was digested with EcoRI, and the prepared Southern blot was hybridized with DQSGl . In each case, the offspring carried one of the alleles carried by the known parent ( fig. 5 ). In one case the parent had a rare variant (AI-4), which has a frequency in the La Perouse Bay population of 1%. That variant was also carried by the offspring. The probability of such a variant being shared between two randomly chosen unrelated individuals is 0.0004.
Level of DNA Variation
Of the 17 probes examined, six identified RFLPs with one enzyme, six with two enzymes, and five with three enzymes. Not all probes were tested with all four enzymes (see table 1 ). The probes DQSGl , DQSG7, DQSGS, DQSG16, and DQSG 17 identified highly variable loci with at least 7, 13,6,6, and 10 variable restriction sites, respectively.
The frequencies of polymorphic restriction-enzyme sites were estimated from the results of the initial screening of 1 l-l 3 individuals (table 3) . While males were chosen to maximize variation, we have since found that the levels of variation among females (from La Perouse Bay) do not differ significantly. The frequencies of variant sites detected by MspI and TaqI are roughly three times higher than those identified using EcoRI and HindIII.
Discussion
While the use of protein electrophoresis for addressing questions related to maternity or paternity in Aves has been encouraged by Sherman (198 l) , such studies are Modification of bases by methylation can affect the ability of certain restriction endonucleases to cleave the DNA at their specific recognition sequences. Such changes could be misidentified as RFLPs, so it is important to assess the frequency of such events and the susceptibility of the restriction enzymes being used. In animals, modified nucleotide bases other than 5-methylcytosine (m5C) are extremely rare (Taylor 1979) , and 90% of m5C is found on the 5' side of a G residue (Grippo et al. 1968) . Of the four restriction enzymes used in this study, only EcoRI and A&p1 activity could be affected by methylation. The 3' cytosine in EcoRI (GAATTC) could be methylated, especially in cases in which there is a G residue to the 3' side. MspI (CCGG) is inhibited by methylation of the 5' C but not by the (more frequent) methylation of the 3' C residue (van der Ploeg and Flavell 1980) . TaqI (TCGA) is not inhibited by m5C (Streeck 1980) ; nor is Hind111 (AAGCTT) (van der Ploeg and Flavell 1980) .
In man the role of methylation in RFLP generation has been refuted for MspI (Barker et al. 1984) . While in the present study we have not rigorously disproved methylation as playing a role in generating variant bands with the enzymes MspI and EcoFU, there is considerable evidence that it has not contributed to the detected RFLPs for the following reasons: ( 1) The frequency of polymorphism at the 4-bp recognition sequence of MspI does not differ significantly from that of TaqI; nor does that of the 6-bp recognition sequence of EcoRI and Hind111 (table 3) . (2) In many cases in which RFLPs were detected, the probe DNA was of a variant form lacking some restrictionenzyme recognition sites that were present in other variants. For instance, the probe DQSGl is a clone of the allele AI-l, AII-1. Since m5C does not occur in probe DNA because of its amplification in E. coli, sites 1, 2, and 3 (see fig. 4 ) must have been absent in the probe DNA as a result of a primary nucleotide difference and not as a result of methylation. (3) The preliminary family data in figure 5 show the RFLPs to follow Mendelian patterns of inheritance. (4) The distributions of genotypes follow normal Hardy-Weinberg expectations for all cases tested. (5) The autoradiographic intensities of alternative alleles were approximately the same in heterozygotes. Barker et al. (1984) reported that in human DNA TaqI and MspI detect more RFLPs than other enzymes without a CpG dimer in their recognition sequences. This provided support for the theory that methylated cytosines could be hot spots for mutation in eukaryotes, as they are in prokaryotes (Salser 1977; Coulondre et al. 1978; Bird 1980; Duncan and Miller 1980; Barker et al. 1984 ). Cooper and Schmidtke (1984) found the same result for MspI but not for TaqI. In the lesser snow goose the DNA Sequence Variation in Lesser Snow Geese 14 1 level of polymorphism at the recognition sites of both enzymes is three times higher than that at the recognition sites of EcoRI and Hind111 (table 3) .
While we have shown that it is easy to detect more RFLPs than protein electrophoretic variants, it is difficult to compare the respective levels of variation. The H and P values classically calculated for protein electrophoretic polymorphisms are not expressed on a per-nucleotide basis, as are those for RFLPs. It is beyond the scope of the present paper to make such an analysis, but essentially the comparison becomes one of comparing the variability of expressed versus unexpressed regions of DNA. Protein electrophoretic analysis is limited to the expressed regions in the genome. On the other hand, no such limitation is imposed with RFLP analysis, and, in this study, most randomly chosen unique DNA probes should largely represent unexpressed regions of the genome, since < 10% of genomic DNA codes for proteins. It seems likely that the unexpressed regions of the genome will, on average, be under less selective constraint and hence might be expected to be more variable. The best test of this would be to compare the levels of variation detected with the probes described here with those detected with cloned avian genes. In humans, cloned single-copy expressed sequences generally detect fewer RFLPs than do randomly chosen fragments (Helentjaris and Gesteland 1983) .
It appears that the levels of DNA variation in random stretches of unique DNA from Aves are probably higher than those found in mammals. This was unexpected, since previous studies of Aves using protein analysis suggested levels of heterozygosity roughly equal to that of the expressed regions of mammals (Avise and Aquadro 1982) . On the basis of RFLP analysis using six randomly chosen unique probes, Cooper and Schmidtke (1984) estimated the average autosomal heterozygosity per base pair in humans to be -0.004. Using 17 randomly chosen unique probes and a similar analysis, we have found the heterozygosity in the La Perouse Bay snow goose population to be three times higher with H = 0.0 13 (T. W. Quinn and B. N. White, unpublished data). Since h has considerable variance between probes and enzymes, it would be useful, in both studies of mammals and studies of birds, to include a larger number of probes and enzymes in such a comparison.
The use of RFLPs will be a powerful way to resolve questions involving relatedness between individuals. In the lesser snow goose, a prominent color dimorphism is controlled by a single autosomal locus, with the blue allele being dominant to the white (Cooke and Coach 1968; Cooke and Mirsky 1972; Rattray and Cooke 1984) . In some instances, blue-phase goslings have been hatched from the nests of white-phase parents, contradicting the proposed mode of inheritance. However, observations of rape (Mineau and Cooke 1979) and intraspecific nest parasitism (Finney 1975) provide explanations for these observations. The consequences of such behavioral patterns have been difficult to assess in terms of resultant offspring. It is difficult to determine whether successful cloacal contact has occurred in observations of rape, and the ability to successfully fertilize the female varies with the nesting stage (Mineau and Cooke 1979) . The rates of intraspecific nest parasitism have been estimated by indirect means, which carry considerable error (Finney 1975) . However, such "illegitimate offspring" resulting from these events may be frequent enough to be of evolutionary importance. Intraspecific nest parasitism has been estimated to occur at a frequency of 5% 12% (Finney 1975) . The incidence of rape can also be high. In 1976, at La Perouse Bay, each female was, on average, the victim of an attempted rape every 5 days during the incubation period (Mineau and Cooke 1979 ). We will be using RFLP analysis to measure the frequency of such illegitimate offspring, as well as determining whether blue offspring found in nests of white parents are related to both parents. The La Perouse Bay colony has been the subject of intensive study (including leg banding and web tagging of family groups) since 1968, and this data base will facilitate the RFLP analysis.
The migratory and mate-choice patterns of the lesser snow goose are well known. While preliminary protein electrophoretic analyses have been attempted, the number and frequency distribution of allelic variants have been too small to be useful (Bargiello et al. 1977) . The 17 DNA probes reported in the present paper are being used to study the genetic distances between various colonies. Some preliminary intercolonial differences have already been found. The known movement patterns and the resolution we expect to achieve using nuclear and mitochondrial RFLP studies should allow direct measurements of the effects that such gene flow has had on genetic differentiation.
